Abstract: In this work, we present a trinification-based grand unified theory incorporating a global SU(3) family symmetry that after a spontaneous breaking leads to a left-right symmetric model. Already at the classical level, this model can accommodate the matter content and the quark Cabbibo mixing in the Standard Model (SM) with only one Yukawa coupling at the unification scale. Considering the minimal low-energy scenario with the least amount of light states, we show that the resulting effective theory enables dynamical breaking of its gauge group down to that of the SM by means of radiative corrections accounted for by the renormalisation group evolution at one loop. This result paves the way for a consistent explanation of the SM breaking scale and fermion mass hierarchies.
Introduction
The discovery of the Higgs boson at the Large Hadron Collider (LHC) [1, 2] and continuous studies of its properties have revealed an intriguing consistency of experimental results with the Standard Model (SM) predictions. This highlights yet another major step in precision verification of the SM structure. Besides being a big phenomenological success as a fundamental theory of particle physics, the SM as an effective theory still allows for possibilities for new interactions and particles (such as Dark Matter, right-handed neutrinos, heavy Higgs boson partners, new gauge interactions, among others) at energy scales much larger then the electroweak (EW) scale. This kind of new physics might bring answers to current open questions and could be detected already at the LHC. In addition, the origin of the large set of measured (not predicted!) fermion mass and mixing parameters as well as the Higgs boson mass and self-couplings still remains as one of the most interesting open questions to date. Furthermore, there is still no explanation for the characteristic hierarchies in the measured fermion mass spectrum. In order to get a better understanding of these long-standing issues in the framework of quantum field theory, one naturally considers the SM as a low-energy approximation of a bigger and more symmetric (unified) theory whose dynamics at high energies is implicitly encoded in the observed structure of the SM.
An important example of such a grand unified theory (GUT) based upon the trinified gauge group SU(3) L × SU(3) R × SU(3) C ≡ [SU(3)] 3 (also known as trinification) was proposed by De Rújula, Georgi and Glashow (RGG-model) back in 1984 [3] . Since then, trinified extensions of the SM have been traditionally considered as good bets for a GUT, both with and without supersymmetry (SUSY) [4] [5] [6] [7] [8] [9] , due to many attractive features (for a good introduction into trinification GUTs, see [10] and references therein).
The gauge trinification [SU(3)] 3 Z 3 is a maximal subgroup of E 6 , where Z 3 is the group of cyclic (L,R,C)-permutations (for a comprehensive discussion of E 6 -inspired GUT scenarios, see e.g. Refs. ). Typically, this model is considered to be a low-energy limit of the heteroic E 8 × E 8 string theory [38] as well as the N = 4 supergravity [39] . It naturally incorporates the left-right (LR) symmetric gauge interactions [40] as well as the gauge couplings' unification at a GUT scale. All matter fields (including the Higgs fields) can be elegantly arranged into bi-fundamental representations where each family belongs to a 27-plet, 27 = (3,3, 1) ⊕ (1, 3,3) ⊕ (3, 1, 3) , being the fundamental representation of the E 6 group [11, 41] . Remarkably, no adjoint Higgs fields are needed to break SU(3) L × SU(3) R down to the electroweak (EW) symmetry group of the SM, SU(2) L × U(1) Y . The spontaneous breaking of trinification with at least two Higgs 27-plets yields the standard GUT-scale prediction for the weak mixing angle, sin 2 θ W = 3/8, which leads to quantization of the U(1) Y hypercharge in the SM (e.g. resulting in electron charge being exactly opposite to the proton charge) and provides a consistent explanation of parity violation in the SM. As was shown in Refs. [42, 43] it is possible to achieve naturally light neutrinos via a seesaw mechanism as well. Moreover, in the RGG formulation, the model accommodates any quark mixing angles [44] and a natural suppression of proton decay [4, 8] .
However, many existing realizations of the RGG model suffer from severe issues with phenomenology, a considerable amount of particles in its spectrum and many (e.g. Yukawa) parameters. One particular issue, common to most of the well-known GUTs, is an unmotivated strong hierarchy between the trinification and the EW symmetry breaking scales as well as hierarchies in the SM fermion mass spectrum. In addition, the existing minimal SUSY-based trinification [44] has problems in avoiding TeV-scale lepton masses without imposing higher-dimensional operators, large Higgs representations or an artificial and simultaneous fine tuning of many parameters. At the same time, realistic calculations including quantum corrections are cumbersome due to a large number of scalar particles and gauge bosons in any [SU(3)] 3 -symmetric theory. These issues left the trinification-based models among the least-developed GUT scenarios so far.
To be consistent with SM phenomenology, a number of additional U(1) groups emerging in E 6 (or E 8 ) breaking [45] should be consistently broken at intermediate steps by the conventional Higgs mechanism. Having a few 27 Higgs multiplets coupled to fermions which acquire several low-scale vacuum expectation values (VEVs), may resolve this issue. However, those interactions induce potentially large flavour-changing neutral current processes which are severely restricted by experiment, and a large degree of fine tuning is required.
Due to a huge hierarchy in the mass spectra, at low energy scales heavy d.o.f.'s have to be integrated out at each intermediate symmetry breaking scale giving rise to a new effective model having a fewer amount of light fields in the spectrum. Depending on the symmetry breaking scheme and the hierarchy in the initial [SU(3)] 3 GUT model parameters, one may end up with a few possible low-energy effective models having different light particle content.
One possible development would be to consider a mechanism for Yukawa couplings unification, severely reducing the number of free parameters at the GUT scale [15, 16] . Similarly to the gauge couplings, the unified Yukawa coupling would then give rise to several different couplings by means of radiative corrections via the renormalisation group (RG) evolution and loop-induced operators, which may reproduce the SM fermion mass and mixing hierarchies at low energies. In this way, family symmetries acting in the space of fermion generations [46] are known to provide a convenient tool for generating the necessary patterns in fermion spectra [16, 47] . In particular, such symmetries help to avoid GUT-scale lepton masses in trinification-type models.
An example of an effective LR-symmetric scenario with very interesting phenomenology has been discussed in Ref. [48] . There the authors introduce the gauge group SU(3) C × SU(2) L ×SU(2) R ×U(1) B−L as originating at lower energies from the trinification model with two Z 2 -even and odd Higgs 27-plets. However, the properties of the Yukawa sector in this model rely on additional higher-dimensional representations of E 6 such as (anti)symmetric 351 reps.
In this work, we consider an alternative non-SUSY trinification model [SU(3)] 3 Z 3 augmented by a SU(3) F global family symmetry which acts both on fermion and scalar multiplets. The latter are thus incorporated in a symmetric way essentially inspired by SUSY. Our scenario is however manifestly non-supersymmetric and it does not invoke any higher-dimensional reps or extra singlets besides lowest 27-plets of E 6 . The scenario we present is naturally inspired by a reduction E 8 → E 6 × SU(3) where the remnant SU(3) is identified with a global family symmetry SU(3) F at the trinification breaking scale. The symmetry group is spontaneously broken down to a LR-symmetric model with an extra SU(2) F × U(1) X × U(1) Z × U(1) B global symmetry that is a remnant of the SU(3) F and an accidental U(1) A × U(1) B symmetry in the high-scale trinification theory.
As we show in the present work, this model inherits all the important features of trinified GUTs and resolves some of their known difficulties. In the considered implementation of the family symmetry together with the trinification model, all Yukawa couplings are manifestly unified into a single coupling at the GUT scale, and the number of free scalar self-couplings in the scalar potential is remarkably low, making a complete RG analysis of this model feasible. Many of the relevant interactions in the low-energy effective theory emerge radiatively at one (or higher) loop level, bringing a potential explanation to a variety of hierarchies in the SM parameters. However, a detailed calculation of such quantities is beyond the scope of this paper and left for future work. Simultaneously, the family symmetry forbids proton decay due to an appearance of an accidental U(1) B symmetry and protects the light SM fermion sector from large radiative corrections offering potentially interesting phenomenological consequences. Another feature of this model, that we show in this work, is that the SU(2) R × U(1) L+R subgroup gets broken radiatively to U(1) Y at a much lower scale in a natural way for a large region of the parameter space of the GUT-scale trinification model.
In Sect. 2, we introduce the high-scale trinification model augmented by the family symmetry. In Sect. 3, we discuss in detail the first symmetry breaking stage down to a lowenergy LR-symmetric effective theory. In Sect. 4, we describe the effective model and the matching of effective couplings in order to study, in Sect. 5, under which circumstances the effective theory shows radiative breaking of the SU(2) R ×U(1) L+R symmetry. In Sect. 6, we perform a parameter space scan to find the regions where the radiative symmetry breaking happens in the simplest feasible scenario. In Sect. 7 we discuss, in the light of our results, under which conditions it could be possible to reproduce the SM mass spectra. Concluding remarks are given in Sect. 8.
A quick note on notations
In the text that follows, we employ the following notations:
• Fundamental representations carry superscript indices while anti-fundamental representations carry subscript indices.
• Fundamental and anti-fundamental indices of SU(3) groups are denoted with lower case letters, while fundamental and anti-fundamental indices under SU(2) groups are denoted with upper case letters.
• SU(3) K and SU(2) K (anti-)fundamental indices are denoted by k, k , k 1 , k 2 . . . and
• Indices belonging to (anti-)fundamental representations of SU(3) F and SU(2) F are denoted by i, j, k . . . and I, J, K . . . respectively.
• If a field transforms both under gauge and global symmetry groups, the index corresponding to the global one is placed within the parenthesis around the field, while the indices corresponding to the gauge symmetries are placed outside.
• Global symmetry groups will be indicated by {. . . }. 2 The GUT-scale [SU(3)]
The fields in the high-scale trinification model form representations of the symmetry group
as shown in Tab. 1, and consist of three Weyl fermion multiplets (L, Q L , Q R ), three scalar multiplets (L,Q L ,Q R ) and gauge bosons (G L , G R , G C ). Here, SU(3) F is a global family symmetry acting on the space of fermion and scalar field generations, while SU(3) L × SU(3) R × SU(3) C is the standard trinification gauge group. Although our model is not supersymmetric, we employ a notation inspired by SUSY, since we have the same group representations in the scalar and fermion sectors. The fermions and scalars both form bi-triplet representations under the gauge group, but tri-triplets under the full symmetry group (including the SU(3) F ) 1 . The Z 3 symmetry refers to the cyclic permutation of the fields
which in turn enforces the gauge coupling unification. This symmetry combined with the global SU(3) F also dramatically reduces the number of possible terms in the scalar potential as well as in the fermion sector of the theory.
gauge bosons The most general renormalizable scalar potential for the trinification model reads
where
and
The scalar potential thus contains two dimensionfull parameters, mass parameter µ and trilinear coupling γ, and eight quartic couplings λ 1,...,4 and α 1,...,4 which can be taken to be real without loss of generality. Due to the interplay between SU(3) F and Z 3 , combined with the trinification gauge group, the fermion sector in the model only contains one single Yukawa coupling,
The trinification Yukawa coupling y can be taken to be real since any complex phase may be absorbed into the definition of the fermion fields. Once all the renormalizable terms invariant under the trinification gauge group and the global SU(3) F symmetry are written, one can notice that the terms are also invariant under an accidental {U(1) A × U(1) B } symmetry. A convenient charge assignment under the accidental U(1) groups is shown in Tab. 2, where one immediately recognizes U(1) B as giving rise to a conserved baryon number. Furthermore, U(1) B will stay unbroken at lower scales (including the SM), sinceL is uncharged under U(1) B and no other fields will develop VEVs throughout the evolution to the EW scale. Though the symmetry would still allow for the proton to decay into coloured scalarsQ L,R , we will see that all the coloured scalar states acquire their masses of the order of the unification scale (i.e. much larger than the proton mass), making such a proton decay kinematically impossible. Meanwhile, the heavy coloured scalars are relevant for generation of loop-induced lepton mass terms at the matching scale in the low-energy effective model as will be discussed in more detail below.
Spontaneous trinification breaking down to a LR-symmetric model
In this paper, we would like to explore whether after the spontaneous symmetry breaking (SSB) of the trinification gauge symmetry, it will be possible for the effective LR-symmetric model to break down to the SM gauge group by means of the RG evolution of the corresponding couplings, in particular, mass parameters. In order to do that, one has to explore first the SSB of the group in Eq. (2.1) (also taking into account the accidental {U(1) A × U(1) B } symmetry). The most straightforward way to break trinification is when only one component inL acquires a real non-zero VEV, namely,
where the l (r) index labels the rows (columns), while Q L = Q R = 0. As will be shown in Sect. 3.5, this often corresponds to the global minimum of the potential in Eq. (2.3), assuming no SU(3) C breaking VEVs. The extremal conditions (i.e. the requirement that the first derivatives of the scalar potential vanish in the minimum) allow us to rewrite µ in terms of v 3 as follows
By applying a general infinitesimal gauge transformation on (L i ) l r , we find that the following subset of the trinification gauge symmetry generators leaves that vacuum invariant:
Therefore, the vacuum (3.1) spontaneously breaks the trinification gauge group to the LR-symmetric gauge group
Before the SSB, the global symmetry group is the full symmetry group SU(3)
When applying a general infinitesimal global symmetry transformation on the vacuum given by Eq. (3.1), we find that the following generators leave it invariant 4) in addition to T B and the generators in Eq. (3.3). Here, we have constructed T X,Z such that they are orthogonal to T L+R and chosen their normalisation for convenience. However, any other two linearly independent combinations of T X,Z and T L+R that are also linearly independent of T L+R , generate an unbroken {U(1) × U(1)} symmetry. Therefore, after the SSB, in addition to the unbroken gauge group, the symmetry {SU(2) F × U(1) X × U(1) Z × U(1) B } remains unbroken as well. In summary, the VEV setting (3.1) leads to the SSB pattern 5) and the basic properties of the resulting effective LR-symmetric model will be studied below in detail.
Colour-singlet scalar sector
The colour-singlet scalars (CSS) are contained inL which is the tri-triplet representation
It therefore contains 54 real degrees of freedom. The VEV structure (3.1) breaks nine gauge symmetry generators, meaning that one identifies nine massless real d.o.f.'s in the CSS mass spectrum that become the longitudinal polarisation states of nine massive gauge bosons. In addition, the non-gauge part of the symmetry group is reduced from SU(3)
that the CSS spectrum, after the SSB, also contains four corresponding Goldstone d.o.f.'s. These so-called "global Goldstone" bosons remain as physical massless scalar d.o.f.'s. However, at energy scales much lower than v 3 , these are effectively decoupled from all other Table 3 . Mass eigenstates inL after the SSB of the trinification group, and the corresponding tree-level squared masses and U(1) charges. All states have zero baryon number here. In Sect. 4, we consider the LR-symmetric low-energy effective model with
while all other masses are heavy, i.e. ∼ v 3 .
(−2/3, +2, −1, −1/3) Table 4 . Mass eigenstates inQ L andQ R after the SSB of the trinification symmetry group, and the corresponding tree-level squared masses and U(1) charges. Here, (Q
light fields (including the SM fields) since their interactions are always suppressed by powers of v 3 . The decoupling of global Goldstone bosons is further discussed in Sect. 4.4. The mass eigenstates and the corresponding squared masses of the CSS after (L 3 ) 3 3 develops a VEV, are listed in Tab. 3. Local stability of the minima in the CSS sector is obtained when these squared masses are non-negative. Combined with the requirement that µ 2 > 0, this is ensured when
Coloured scalar sector
WhenL acquires a VEV according to Eq. masses must be non-negative constrains the parameters in V 2 and V 3 as
(3.7)
Gauge boson sector
After the SSB, nine gauge bosons become massive. Their masses are determined by the trinification gauge coupling g as indicated in Tab. 5. They can be conveniently grouped into two doublets (one 8) and one singlet
Fermion sector
The fermions
via the Yukawa interactions given in Eq. (2.6). In particular, the VEV leads to a Dirac mass term for one fermionic SU(2) F doublet. The corresponding down-type Dirac state is built out of (Q L I ) c 3 and (Q † R I ) c 3 as follows
The U(1) charges of D H are shown in Tab. 6.
(+2/3, 0, 0, +1/3) Dirac fermion Table 6 . The first and second generation SU(2) L × SU(2) R -singlet quarks make up an SU(2) Fdoublet Dirac fermion that gets a tree-level mass at the trinification breaking scale. All other
c are massless at tree-level.
Finding the global minimum through homotopy continuation
If we restrict ourselves to the case of two generations of colour singlet scalarsL i getting VEVs, the most general VEV setting after accounting for gauge [43] and family symmetries can be written as 2
Note that, due to Z 3 , this choice is physically equivalent to assuming only VEVs in two generations of eitherQ L orQ R . As discussed in the previous sections, we are interested in the case where only one real scalar field aqcuires a non-zero VEV. The question remains as to whether this is indeed the global minimum of the scalar potential or if the global minimum has a different set of non-zero VEVs and therefore a different symmetry breaking chain takes place.
Using the homotopy continuation method through HOM4PS2 [49] , we performed a random scan over 5000 parameter points satisfying the conditions in Eqs. (3.6) and (3.7). The homotopy continuation method finds all the solutions of systems of polynomial equations, in this case the minimisation conditions of the tree-level potential (2.3) for the VEV setting in Eq. (7.9).
For all the points in the scan, the global minimum was always the one for which v 3 ≡ v = 0 and v i =3 = 0, even for parameter points where other minima were present. In other words, for the model described here if we require that there exists a minimum with one real field acquiring a VEV then, excluding pathological cases that might have been missed in the numerical analysis, that minimum is the global one.
The most general case where a third generation is also allowed to acquire VEVs could not be treated with HOM4PS2 due to a complicated system of equations outpacing our computational resources. However, a purely numerical minimisation was performed over a second scan of parameter space leading to the same result as for the case of two generations. Given a parameter point that satisfies the positive scalar mass-squares condition in the one VEV minima, the numerical minimisation procedure was started in a random point in field space, whereby the minimum of the potential was found by a simple steepest-descent method. For the minima obtained in this way, we computed the gauge boson mass spectrum and observed that it numerically matched the masses in Tab. 5. By pretending that SU(3) F is gauged, we computed the number of unbroken global symmetry generators by counting the number of "new" massless gauge bosons, and could in all cases conclude that it matched the number of global symmetry generators in the effective LR-symmetric model. Therefore, we believe that the all of these minima are related to the one VEV minima in Eq. (3.1) by a symmetry transformation, and are hence physically equivalent.
4 The low-scale effective LR-symmetric model
Minimal particle content of the effective model
The trinification group is spontaneously broken by the VEV v 3 in Eq. (3.1) to the following symmetry
The decomposition ofL in terms of representations of the group (4.1) can be written as
Here,l s L,R and Im[Φ s ] are the gauge Goldstone d.o.f.'s that become the longitudinal polarisation states of the heavy vector bosons listed in Tab. 5, wherasΦ I is the "global" Goldstone boson. Similarly, the fermion multiplet L can be written in terms of reps of the new symmetry group as follows
Moreover, the decomposition of the trinification quark multiplets, Q L and Q R , reads
and similarly forQ L,R . As mentioned in Sect. 3, we want to explore whether a radiatively induced breaking down to the SM gauge group can happen for the proposed model. As will be discussed later in detail, in order for that to happen, we need to have at least one SU(2) R and one SU(2) L scalar doublet in the effective theory so that the SU(2) R -doublet mass parameter can run negative. With this in mind, and considering the simplest possible scenario, we will focus our attention on a subset of the parameter space where after the trinification symmetry is broken, the scalar spectrum comprises two very light states, namely,
in addition to the global Goldstone fieldΦ I ≡ (L I ) 3 3 . The remaining scalars either get masses of O(v 3 ) or get "eaten" by heavy gauge bosons. For this particular case, one can integrate out all the heavy scalars ending up with a simpler effective theory containing the light and massless fields only. In the fermion sector, the fields (Q L I ) c 3 and (Q R I ) 3 c can also be integrated out as they make up the heavy Dirac fermions shown in Tab. 6. The fields that are present in the effective theory are shown in Tab. 7 .
In order to parametrize the relevant regions of parameter space giving rise to such a minimal particle content of the effective model, let us define small dimensionless δ and ε parameters as follows 6) such that m 2 R = εv 2 3 and m 2 h = δv 2 3 . We will then construct the effective LR-symmetric model assuming ε 1 and δ 1. At higher orders in perturbation theory, other tree-level couplings (such as α i and γ) will enter in the full expressions for m 2 h,R . To still keep these states sufficiently light at the matching scale will then further constrain the parameter space as the simple assumptions ε, δ 1 will not suffice. This is further discussed in Sec. 7.2. In the LR-symmetric effective model, the fields interact with gauge bosons according to their representations under the gauge groups as given in Tab. 7, with strengths determined by the gauge couplings g L , g R , g C and g L+R . At the matching scale v 3 , these are related to the trinification gauge coupling g as
Matching of the scalar potential parameters
The GUT-scale scalar potential V should be matched onto the most general renormalizable scalar potential forh L R , (l R I ) R andΦ I in the low-energy LR-symmetric model:
The tree-level matching conditions in the scalar sector are obtained by requiring that the n-point functions with external scalars in the high-scale and the low-scale theory coincide at tree-level at the matching scale µ m , which we take to be the trinification breaking scale v 3 . In this case, we get all relations between the high scale parameters {v 3 , λ 1,3 , , δ}, and the low-scale parameters {m 2 h,R,Φ , λ a,...,j } from the two-point functions (i.e. from the masses squared) and the four-point functions (quartic couplings). We compute the fourpoint functions taking the limit of small external momenta (compared to v 3 scale), since we are only interested in the matching of the renormalizable operators. Any momentum dependence in the four-point functions in the low-scale theory would instead be attributed to (non-renormalizable) derivative interactions. We do not take these higher order derivative operators into account since they presumably would have a negligible effect in the infrared behaviour of the theory. Thus, the matching conditions are
Interestingly, all λ 1 's cancel out in the matching conditions, provided that ε and δ are sufficiently small, which means that λ 1 does not affect the values of the couplings in the effective LR-symmetric model at tree-level. This can be seen as a consequence ofh L R , (l R I ) R andΦ I becoming Goldstone bosons of the O(54) → O(53) breaking that is induced in the CSS sector by the v 3 VEV in the limit λ 2 , λ 3 , λ 4 → 0 (since they are Goldstone bosons in this limit, they must decouple from the scalar potential in the same limit).
Fermion sector
Though the trinification theory only contains one Yukawa coupling, many terms are allowed by the symmetry group of the LR-symmetric effective model in the fermion sector:
The matching conditions for these Yukawa couplings are rather easy at tree-level, as only two of them are found to have non-vanishing values at the matching scale. This does not mean that the other couplings are not present in the effective theory and it would be a subject of a future study to calculate the matching conditions at higher orders where they might not necessarily vanish. However, for the purpose of this work, which is to explore a potential for the radiative breaking of the LR symmetry down to the SM gauge group, the tree-level approximation is expected to be sufficient. In this case, the matching conditions are such that
while Y α,β,δ, ,η = 0. Furthermore, the β-functions in Appendix A indicate that the Yukawa couplings that are zero at the matching scale will also remain zero at lower scales, since
With the matching conditions defined above, the parameters of the effective LRsymmetric model can be determined from a reduced set of parameters of the GUT-scale theory. The vacuum stability constraints (3.6) and (3.7) can be then translated as well to reduce further the allowed parameter space for the effective theory. With this framework in mind, the question remains as to whether the remaining symmetries of the effective theory can be broken radiatively by one-loop RG running at a lower scale leading to an effective model which approaches the SM.
Decoupling of "global" Goldstone bosons
It can be shown, on very general grounds that Goldstone bosons appearing due to the spontaneous breaking of a global symmetry at a scale v 3 , have negligibly small interactions at scales µ v 3 [50, 51] . This decoupling is obvious if one chooses a specific exponential representation of the Goldstone d.o.f.'s, which comes at expense of manifest renormalisability. In this work, we have instead chosen the simple (but equivalent) linear representation of the global Goldstone d.o.f.'sΦ I such that renormalisability (but not decoupling) is manifest in the GUT-scale trinification theory. Nevertheless, with the results from the three previous sections, we can see explicitly howΦ I decouple at scales well below v 3 .
Firstly, we notice thatΦ I decouples from the scalar potential at the matching scale since mΦ = 0 and λ c = λ d = λ e = λ h = 0. Instead, one finds that for the matching to agree at non-zero Goldstone boson momenta, one has to introduce derivative interactions among the Goldstone bosons as well as between the Goldstone bosons and non-Goldstone fields. These derivative interactions necessarily have dim > 4 and hence must be suppressed by the trinification breaking scale ∼ v 3 . Since these operators presumably will be increasingly irrelevant in the infrared, we simply omit them from our LR-symmetric effective Lagrangian.
In the trinification fermion sector shown in Eq. (2.6), one can check that the only Yukawa interactions involvingΦ I that are non-zero at tree-level also involve the heavy quark fields (Q L I ) c 3 and (Q R I ) 3 c (which are integrated out at the trinification breaking scale). In addition, in the effective theory, one new Yukawa interaction withΦ I is allowed by symmetry (Y η in Eq. (4.10)), but it vanishes at the matching scale. The corresponding β-function, β Yη , is proportional to Y η , meaning that the vanishing matching condition also forces Y η = 0 at lower scales.
Having shown the disappearance of scalar and Yukawa interactions withΦ I , only gauge interactions remain. However, sinceΦ I is a gauge singlet, it will neither interact via
gauge bosons gauge interactions nor contribute to the running of the gauge couplings in the effective LR-symmetric model.
Breaking of SU(2) R × U(1) L+R in the effective model
In order to reproduce the phenomenology of the SM at low energies, the gauge SU(2) R × U(1) L+R subgroup needs to be broken to the SM hypercharge group U(1) Y . One of the persistent issues in high energy models is the fact that the vastly different energy scales associated have to be given through input parameters. One way of dealing with this issue is to introduce the possibility of radiative symmetry breaking, i.e SSB triggered by the RG evolution of the model. This is a standard way of understanding, for example, EW symmetry breaking in the MSSM where the running of m 2 Hu drives the breaking of SU(2) L × U(1) Y [52] [53] [54] . The question remains as to whether this model offers a possibility of breaking SU(2) R ×U(1) L+R through the RG running of m 2 R and the rest of parameters of the effective model with initial conditions coming from tree-level matching of the high energy theory. This will give us the possibility of checking under which conditions (for the high-energy input parameters) this radiative breaking can be induced.
For this purpose, we consider two separate scenarios. In scenario I, we study the properties of a minimum in the scalar potential of the effective LR-symmetric model where SU(2) R × U(1) L+R is broken to the analogous of U(1) Y in the SM, (i.e. the EW gauge group SU(2) L × U(1) Y is unbroken in this minimum). To study the model at the electroweak scale, where SU(2) L × U(1) Y is broken, a second step of matching and running would have to be performed to discover whether there is a sign change of the Higgs squared mass parameter inducing the electro-weak symmetry breaking. In scenario II, we instead study minima with a more complicated VEV structure such that SU(2) L × SU(2) R × U(1) L+R is directly broken down to U(1) E.M. . This is accomplished by suitable VEVs both inh and iñ l R . The VEV inl R needs to be larger than the Higgs VEV to keep the W and Z bosons heavy, but not too large as to ruin the convergence the perturbative expansion through large logarithms of the ratio between the two VEVs. If this ratio would become too large, Scenario I is more appropriate.
Scenario I: Breaking to the SM gauge group
Let us first understand what are the conditions necessary for SU(2) R × U(1) L+R breaking through non-vanishing VEV for the scalar fieldl R ,
where w is taken to be real. The extremal condition for such a VEV setting reads
This leaves the following gauged U(1) generator unbroken,
which can be identified as the SM hypercharge generator. In addition, Eq. (5.1) leaves four global U(1) generators unbroken,
Thus, the VEV (5.1) breaks the LR symmetry group (4.1) down to
which will also be the symmetry group of a SM-like effective model that is obtained when the heavy particles in the effective LR-symmetric model are integrated out. The scalar mass eigenstates in the minimum described by Eq. (5.2) are shown in Tab. 8. Notice, in particular, that the scalar spectrum contains one massless complex d.o.f. that is Table 8 . Mass eigenstates inh andl R after SSB of the LR symmetry byl R VEV, the corresponding tree-level masses and U(1) charges. All scalars are uncharged under the {U(1) G × U(1) B } global symmetry. 
Here, c θ V ≡ cos θ V and s θ V ≡ sin θ V .
the "global" Goldstone boson from the breaking of the global part of the LR symmetry. We expect this to decouple at scales µ w, similarly to howΦ I decouples for µ v. The gauge fields after SSB of the LR symmetry are mixed and give rise to the massive and massless states shown in Tab. 9. The massless states are the gauge fields of the unbroken gauge symmetries, and the massive gauge fields are the combinations
with tan θ V = g R /2g L+R . The hypercharge gauge coupling g Y becomes
For general values of the Yukawa couplings in Eq. (4.10), many fermion fields become massive once l R = 0. However, in the approximation employed in this work, i.e. tree-level matching and one-loop RG evolution, most of the Yukawa couplings are zero and only one Dirac fermion becomes massive in the effective LR-symmetric model (shown in Tab. 10).
This fermion is a Dirac state
and, when integrated out, leaves behind three SU(2) L doublet quarks and six SU(2) L singlet quarks that will make up the SM quark sector. Table 10 . Massive quark field and its quantum numbers after the SU(2) R × U(1) L+R breaking.
Scenario II: Breaking directly to U(1) E.M.
A second possible scenario is that in which both
. Although this case is certainly allowed by the model, and might also be triggered by RG running of effective Lagrangian parameters, there is no a priori reason that there will be any hierarchy in the VEVs of the fields consistent with the SM. This could lead to several massive gauge bosons with comparable masses which would immediately be in conflict with what is observed experimentally. So far, only the SM W ± and Z 0 bosons have been observed, and the existing LHC bounds on extra gauge bosons [55, 56] would force an unnatural hierarchy which is precisely the problem one wants to avoid by means of radiative breaking.
Nevertheless, let us explore the conditions under which such symmetry breaking might lead to an unbroken U(1) E.M. . The most general VEV setting, after accounting for gauge symmetries for (l R I ) R andh L R would be:
However, not all of these minima lead to a U(1) E.M. remaining gauge symmetry consistent with the proposed framework. To understand this, it is useful to think as if the VEVs are attained sequentially. Let us assume (l R I ) R gets its VEV first. From our previous analysis we know that in order to identify T E.M. = T 3 L + T Y we needh L R to break down to two SU(2) L doublets with opposite hypercharge. This is only possible with w 1 = w 2 = 0 (up to any symmetry transformation on l R ). Once (l R I ) R has obtained its VEV, there are physically different VEV settings in the Higgs bi-doublet we should explore separately: v 1 = v = 0 and v 2 = 0 (Case A), v 2 = v = 0 and v 1 = 0 (Case B), and v 1 = 0 and v 2 = 0 (Case C). In the following we will explore the details of Case A and B. Case C, where both Higgs VEVs are non-zero, is cumbersome and can be left for a future work. The reason for this is that for that case the masses in the scalar sector can not be obtained analytically and the type of analysis we will do in Sect. 6.1.1 is not feasible without further work. We will thus take a closer look at scenario I and the first two cases described above.
Case A
Given the VEV setting
the extremal conditions become
With v = 0 and w = 0, there is only one unbroken gauge symmetry generator
which corresponds exactly to the generator of U(1) E.M. in our previous analysis with only (l R I ) R VEV. There are also two new U(1) global symmetries in addition to {U(1) G ×U(1) B } with generators
The mass eigenstates in the scalar sector after this symmetry breaking are shown in Tab. 11. In particular, there is one real state which obtains a mass of O(v) when v w, which would be the candidate for the 125 GeV SM Higgs particle.
Case B
A second possible case follows from the VEV assignment
The extremal conditions in this case will be
(5.15) The mass eigenstates in the scalar sector after this symmetry breaking are shown in Tab. 12, where as in the previous case the spectrum contains a candidate for the SM Higgs particle. The VEV setting (5.14) leaves the same gauged U(1) E.M. and global U(1) W unbroken as the vev setting in Eq. (5.10). However, the U(1) V is replaced by U(1) V which is generated by
0 Gauge Goldstone Table 11 . Case A: Mass eigenstates inh andl R after SSB of the LR symmetry group to U(1) E.M. and the corresponding tree-level masses. Here,
, c α = cos α, s α = sin α with tan α = v/w and c η = cos η, s η = sin η with η being the corresponding mixing angle whose explicit form we omit for simplicity.
Fields
(Mass) 2 Comment Table 12 .
Case B: Mass eigenstates inh andl R after SSB of the LR symmetry group directly to U(1) E.M. and the corresponding tree-level masses.
Here,
, c α = cos α, s α = sin α with tan α = v/w and c κ = cos κ, s κ = sin κ with κ being the corresponding mixing angle whose explicit form we omit for simplicity.
Numerical results
The main question to answer for the proposed framework is whether for a consistent set of parameters of the trinification theory, the RG running in the effective LR-symmetric theory can trigger the radiative breaking of SU(2) R × U(1) L+R , and for what regions in parameter space this happens. In addition, we will explore under which circumstances we can get close to a realistic SM-like scalar sector, with a light SU(2) L scalar doublet with hypercharge Y = +1/2 remaining in the spectrum at lower energies (which potentially can induce EW symmetry breaking). The resulting low-scale mass spectrum after the radiative symmetry breaking will depend on our choice of initial parameters only, but the connection between the initial values of the parameters and the resulting mass spectrum is not obvious. In order to explore it, we implemented a parameter scanning framework using numerical integration of the RG equations together with a simulated annealing (SA) procedure to scan over the possible initial values of high-scale parameters.
We calculated one-loop β-functions for the effective LR-symmetric model using the package pyr@te [57] , which are written in Appendix A.
Parameter scan
Effectively, we would like to explore a five-dimensional parameter subspace of the highscale model {λ 3 , ε, δ, g, y} assuming we have fixed the scale at which trinification is broken and imposed the constraints in Eq. (3.6). This is due to the fact that in the effective LRsymmetric model after tree-level matching, the β-functions only depend on those parameters as seen in Eq. (4.9). Once a consistent set of high-scale model parameters is found, the matching can be performed and the RG equations can be numerically integrated yielding a scale dependence of the effective model parameters. The running starts from the matching scale µ m , which is chosen to be the trinification breaking VEV,
since the heavy states in the trinification theory that we integrate out have masses of O(v 3 ). The running is then terminated at a lower scale µ r , which is defined as
since, at this scale, there are again states with masses of the same order as the renormalisation scale. These states then have to be integrated out before we can run down even further. Depending on the initial values at a high scale, m 2 R may have run negative at this scale, thus triggering the radiative symmetry breaking we are looking for. However, we have to guarantee that, at the stopping scale µ r , the minimisation conditions for the VEV setting described in Eq. (5.1) are satisfied (i.e. that all the squared masses in Tab. 8 are positive).
Simulated annealing
In order to find viable parameter space points in the high-scale theory, we implemented the SA algorithm together with the numerical integration of β functions. The SA is a method for estimating the global minimum of a given function E({p i }) in a multi-dimensional parameter space {p i } [58] .
If we interpret the function E({p i }) as the energy of a system whose physical state is defined by {p i }, and imagine that the system is in thermal contact with a heat bath with temperature T , we can let this system approach its equilibrium state by employing the Metropolis algorithm. That is, we start with a random set of initial parameters, and propose random updates {p i } → {p j } that are accepted with probability
Given a constant T , this procedure fulfils detailed balance w.r.t. the canonical ensemble P({p i }) ∝ e −E({p i })/T , which in the limit T → ∞ is a flat distribution where all {p i } are equally likely, while in the limit T → 0 becomes highly peaked for the ground states of the system, i.e. the states {p i } that minimise E({p i }).
The SA works by initialising the system at a large temperature, and then running the Metropolis algorithm while slowly (i.e. adiabatically) decreasing the temperature until T ∼ 0. In this way, E({p i }) is minimised and the corresponding parameter space points {p i } are found. This procedure has the advantage of being easy to implement while also being less prone to get stuck in local minima compared to for example a gradient descent method since local energy barriers can be overcome by "thermal fluctuations".
For the purpose of this work we defined
where E = E(λ 3 , , δ, g, y) and
are the masses after radiative symmetry breaking evaluated at the scale µ r . Minimisation of this function guarantees that we find parameter space points where m 2 R runs negative while also introducing a bias towards parameters that yield a light Higgs-like SU(2) L doublet.
Choosing the trinification breaking scale
One of the free parameters of the proposed framework is the scale at which trinification symmetry is spontaneously broken. This scale, which is the starting point for all the successive symmetry breakings at low scales, is defined only by the trinification breaking VEV (3.1). In order to get an idea of what scales are sensible to explore, we integrated the one-loop RG equations for gauge couplings in the effective LR-symmetric model, an easy task due to the fact that at one-loop the β-functions only depend on the gauge couplings themselves. It was possible then to relate the trinification breaking scale to the measured values of the SM SU(2) L , U(1) Y and SU(3) C gauge couplings. We found that for a trinification breaking scale of µ m = 10 12.2 GeV, the boundary condition of g 0 = 0.61 leads roughly to the SM values at m Z . In Fig. 1 we show the result from integrating the gauge coupling β-functions from µ m down to m Z . Because the β-functions only depend on the gauge couplings at one-loop, this running is valid for any parameter space point with g 0 = 0.61 as boundary condition. We show in the same plot
which would be the matching condition for g 1 , the hypercharge gauge coupling, as function of the scale µ. Note however that in Fig. 1 , the running is performed all the way down to the EW scale m Z , without decoupling the massive states at µ r . A more accurate calculation would implement this intermediate step, which would alter the slopes of the lines in Fig. 1 at scales below µ r . Therefore, this calculation should only serve as a very rough estimate of the numerical values of the matching scale (and the value of the trinification gauge coupling at this scale). Figure 1 . One-loop RG evolution of gauge couplings in the effective LR-symmetric model and matching condition for the hypercharge coupling g Y with g 0 = 0.61. A trinification breaking scale of µ m ≈ 10 12.2 GeV leads to roughly SM values for g L ≡ g 2 , g C ≡ g 3 and g Y ≡ g 1 at µ ≈ m Z .
Regions of parameter space with radiative breaking
Using the framework described above we found 22081 parameter space points by running our implementation of the SA algorithm allowing for high-scale parameters within the unitarity bounds and for a trinification breaking scale of µ m = 10 12.2 GeV. Remarkably, we found that the considered model naturally contains large parameter space regions where SU(2) R × U(1) L+R is radiatively broken down to U(1) Y while a light Higgs doublet remains in the spectrum at the stopping scale µ r . In Fig. 2 we show the allowed regions in several slices of the high-scale parameter space. Most of the features of these regions can be explained by the structure of the mass-parameter β-functions in Eqs. (A.13) and (A.12). Our algorithm selects points where m 2 R would have a positive β-function so that it could run to negative values at low scales. For example, we see that the allowed parameter space region always satisfies < δ which translates into the inequality m 2 R < m 2 h at the matching scale. Although one can find points for which (A.13) is positive and > δ, for such points m 2 h value runs negative before m 2 R does. This would trigger an unwanted simultaneous breaking of SU(2) L and SU(2) R with the same VEV, as opposed to the desired situation where the VEV responsible for SU(2) R × U(1) L+R → U(1) Y is much larger than the Higgs VEV that triggers the EW symmetry breaking. We selected the most promising candidates from the results of the scan by requiring the maximal hierarchy between a light Higgs-like doublet and heavy exotic particles at the scale µ r while having parameters within the perturbativity constraints. In Fig. 3 we show the running of mass parameters before and after the radiative SU(2) R × U(1) L+R symmetry breaking for a benchmark point satisfying those conditions. We find that it is possible to find some mass hierarchy at the symmetry breaking scale, with a Higgs-like scalar doublet coming fromh with masses up to two orders of magnitude lighter than the rest of the mass spectrum. In addition, we also observe that a complex scalar coming froml R prefers to have a small mass at µ r (this is the dark solid curve in Fig. 3 , corresponding to m 2 r 2 in Tab. 8). This scalar is a singlet under SU(2) L while having unit hypercharge, meaning that it will have unit electric charge after EW symmetry breaking. At present, it is not clear to what extent this state accumulates a much larger mass when evolving from µ r down to the EW scale.
Although the gauge couplings of the effective LR-symmetric model start with the same values due to the matching conditions and the Z 3 symmetry in the high-scale model, the RG evolution induces a splitting as seen in Fig. 1 . It is interesting to note that although we did not impose the boundary condition g 0 = 0.6 for the SA algorithm, the allowed points in parameter space seem to be consistent with the boundary condition as seen in the upper right plot in Fig. 2 . We also note from Fig. 1 that there is an approximate relation g L ≈ g R that is exact at the matching scale, while a small splitting between g L and g R is generated in the low energy limit. This observation points towards an approximate Z 2 symmetry between the SU(2) L and SU(2) R gauge groups. In fact, we can trace the origin of the radiative Z 2 breaking to the scalar sector in the effective model, where the choice of keeping onlyl R andh leads to β g L = β g R . This is because onlyh transforms under SU(2) L (while bothl R andh transform under SU(2) R ). This serves to prove that in the proposed framework it is possible to trigger the full symmetry breaking down to the SM gauge group by means of the trinification breaking VEV (3.1) only, while at the same time generating a desired hierarchy at low energy scales. In other words, in the model proposed in this work, the RG evolution makes it possible to have a highly symmetric trinification model whose gauge group is naturally broken down to the SM gauge group.
For the alternative case of breaking directly to U(1) E.M. discussed in Sect. 5.2 we performed a similar analysis as we did above by preparing a SA scan to find parameter space points looking for a possibility for the radiative breaking to U(1) E.M. . For case A (discussed in Sect. 5.2.1) 6080 points were produced during three weeks where both m 2 h and m 2 R ran negative. However, none of the points showed positive squared masses in the scalar sector, i.e. no points were found where the desired vacuum was a minimum of the scalar potential. Similarly, for case B (discussed in Sect. 5.2.2) we run a SA scan that produced 32631 points, again with none of them showing stable minima with the desired radiative symmetry breaking. What this means is that as far as our analysis could tell, when m 2 h and m 2 R became negative through RG running, the true minimum of the scalar potential did not exhibit U(1) E.M. as a remaining symmetry, thus making it unviable as a phenomenological model within the proposed framework.
7 Discussion and future work
Fermion sector at one-loop
In the present analysis, many Yukawa couplings (and also the Majorana mass m Φ s ) in the effective LR-symmetric model are zero simply due to the tree-level matching procedure. However, this will no longer be true once the matching and running are performed at a higher loop level. Although the full one-loop matching and two-loop running analysis is necessary to obtain precise numerical values that is planned for a future work, it is interesting to understand which diagrams will lead to non-vanishing matching conditions for some of the parameters in Eq. (4.10).
We first note that m Φ s receives a non-zero contribution from the diagram in Fig. 4 , with the trinification VEV in Eq. (3.1). From this we can estimate that m Φ s will be suppressed with respect to the trinification breaking scale v 3 as
If the trinification Yukawa coupling y and the scalar tri-linear coupling γ are sufficiently large, it might be appropriate to integrate out Φ s along with the heavy trinification-scale quarks in Tab. 6, so that it no longer appears in the effective LR-symmetric model. If instead y and γ are small, the suppression factor in Eq. (7.1) can easily be very small such that m Φ s ∼ m h , m R . At present, as was shown in Sect. 6, we see no preference for neither large nor small values of y and γ, and both possibilities thus remain open. Next, we turn to the Yukawa interactions that are generated by the diagrams in Fig. 5 . These diagrams are of interest when the external legL corresponds to one of the two remaining scalars in the effective LR-symmetric model, namelyh andl R . One can then show that the diagram is non-vanishing when the external fermion legs are such that the loop corresponds to Yukawa interactions of the types Figure 4 . A diagram in the trinification theory that constitutes the one-loop contribution to the matching onto the Majorana Φ s mass, m Φ s , in the effective LR-symmetric model.
i.e. the Yukawa couplings Y γ , Y δ and Y η receive a non-zero contribution at one-loop. In particular, when l R = 0 the upper two interaction terms in Eq. (7.2) will provide masses to two generations of right-handed neutrinos. Note, however, that right-handed neutrinos receive a Dirac mass that is formed together with two generations of Φ. We can identify the last interaction term in Eq. (7.2) as containing the Yukawa term for SM leptons of the third generation. Figure 5 . These two diagrams give rise to Yukawa terms that, in turn, provide Dirac masses for two generations of right-handed neutrinos and Φ's, as well as for SM leptons of the third generation.
One-loop corrections to masses of light scalars
Although we have performed tree-level matching down to an effective theory, its important to understand whether the scalarsh L R , (l R I ) R can remain light as soon as the higher-order corrections are considered. In general, this may not be the case and thus it would no longer be justified to keep those light scalars in the low-energy theory. Even if the corrections would keep the scalars sufficiently light, the particular values for their masses also affect the It turns out that the only non-vanishing one-loop contributions (in the zero external momenta approximation) to m 2 h and m 2 R come from the type of diagrams shown in Fig. 6 . Any other topology will either (i) be forbidden by the trinification symmetry (such as fermion loops), or (ii) vanish once the zero momentum approximation is taken into account.
The tri-linear coupling γ plays an important role in the one-loop matching conditions. Namely, it determines the size of the one-loop corrections to m 2 h and m 2 R coming from the left panel in Fig. 6 . It thus suffices to make γ/v 3 1 in order to keep those corrections small 3 . For the second type of diagrams in Fig. 6 (right) , the corrections become functions of λ i but also α i (the tree-level masses are only functions of λ i ). As long as the coloured scalars remain heavy, choosing appropriate values for α i would give us enough freedom for h L R , (l R I ) R to remain light.
In the tree-level study of the model that has been presented here, we thus assume that the scalars are light leaving the specifics of the physical mechanism which appropriately tunes the values for γ and α i as well as the corresponding effect on the RG evolution for future work. However, we expect that the qualitative conclusions reached in this work would still be valid when accounting for the higher-order corrections due to the fact that, as discussed in section 6, the regions of the effective theory parameter space where the radiative LR-symmetry breaking takes place are quite broad.
The low-energy LR-symmetric model with additional light Higgs-doublets
We have shown that the proposed model brings an intriguing possibility of the radiative SU(2) R × U(1) L+R → U(1) Y breaking. To do this, we integrated out the maximal number of fields in the high scale trinification theory in order to make the effective LR-symmetric model as simple as possible. Although the radiative symmetry breaking in such a toy model is realized, we show in this section that in order to accurately generate all fermion masses in the SM, we need to consider the case where more scalars are present in the effective theory. This is due to the fact that some mass terms are forbidden by the global group that remains unbroken in the scenario considered in Sect. 4. However, we note that the interplay between scalar mass parameters and their β-functions allowing m 2 R to run negative, will still be present when integrating out fewer Higgs doublets. Although a more detailed study will be needed to find explicit regions of parameter space with the radiative symmetry breaking, we expect that the qualitative conclusions in Sect. 6 will not be changed. With tree-level matching (and one-loop running) the only non-zero Yukawa coupling with SM particles is Y ζ in Eq. (4.10). Arranging theh andl R VEVs as in Eq. (5.9), we see that, through this term, v 1 gives masses to two up-type quarks which could be identified with the top and charm quarks of the SM. On the other hand, the VEV v 2 gives a mass to one down-type quark (which can be identified with the bottom quark) and also a contribution to the mass of the heavy down-type quark in Tab. 10. However, there still remain one up-type and two down-type quarks that are massless at tree-level, which should be identified with the lightest u, d, s quarks in the SM. The corresponding left-handed and right-handed components are shown in Tab. 13 along with their charges under the global group {U(1) E × U(1) G }, which is unbroken by the Higgs VEVs in Eq. (5.9). Since none of the Q L fields have the same global U(1) charges as any of the Q † R fields in Tab. 13, it is not possible to generate Dirac masses for the u, d, s quarks since those mass terms would violate {U(1) E × U(1) G }. However, there is a simple way to accommodate these masses. For regions of parameter space with light Higgs doublets in the effective LR-symmetric model, their VEVs would break {U(1) E × U(1) G } enabling the radiative generation of the light quark mass terms.
SM quarks
Trinification effective LR-symmetric model U(1) E U(1) G (Q L 2 ) c 2 (Q L 2 ) c 2 −1/2 −1/6 (Q L 3 ) c 1 (Q L s ) c 1 −1/2 −2/3 (Q L 3 ) c 2 (Q L s ) c 2 −1/2 −2/3 (Q † R 3 ) c 1 (Q † R s ) 1 c +1/2 +1/3 (Q † R 3 ) c 2 (Q † R s ) 2 c +1/2 +1/3 (Q † R 3 ) c 3 (D † R s ) 3 c +1/2 +5/6
Colour singlet fermions
As in the quark sector, many colour neutral fermion mass terms are forbidden by the global group that is left unbroken by the two Higgs VEVs. By looking at the global U(1) charges of the components of the colour neutral fermions, we find that the only electrically charged and electrically neutral fermions that can participate in a fermion bilinear term are contained in
respectively. For all other colour neutral fermions, there is no fermion field with opposite U(1) charges such that they together could form a mass term. In particular, note that ψ C,N contain no first generation colour singlet fermions.
Generally, we can then write the mass terms for the colour neutral fermions as
Upon demanding invariance under the global U(1) groups (and of course U(1) E.M. ), we find that the mass matrices M C,N have the following structure: 5) where entries marked with a '•' (' ') denote the Dirac (Majorana) contributions that are allowed to be non-zero. These would amount to two electrically charged massive Dirac fermions (which we would have to identify with the τ -lepton and muon in the SM), one massive electrically neutral Dirac fermion, and four electrically neutral Weyl fermions that receive both Dirac and Majorana mass contributions.
The tri-triplet (L i ) l r contains twelve electrically charged Weyl fermions, meaning that we will still have eight electrically charged Weyl fermions whose mass terms are forbidden by the unbroken global group. Out of the remaining fifteen electrically neutral components in (L i ) l r , at least nine Weyl fermions are necessarily massless. To make more components in (L i ) l r massive (to evade obvious inconsistencies with phenomenology), we have to include more Higgs doublets in the effective LR-symmetric model originating from the high-scale trinification theory.
CKM mixing with additional Higgs doublets
In the previous section, we have seen that in order to explain the observed fermionic mass spectra, more components ofL should be kept in the effective LR-symmetric model. By looking at the CSS mass spectra, we see that this will be possible when 6) in which case the fields
would all remain in the effective LR-symmetric model (see Tab. 3). In this case, the CSS potential exhibits an approximate O(54) symmetry. Although this increase in the number of scalar fields would lead to a substantial increase in complexity in the low-energy theory, we are confident that the radiative SU(2) R ×U(1) L+R → U(1) Y breaking will still be present as mentioned above. In this section, we show in a straightforward tree-level analysis, that the structure of the SM Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix in the Cabibbo form emerges as a consequence of SU(3) F if VEVs are strategically placed in the tri-doublet (L I ) L R . These VEVs would be allowed at lower scales when keeping the extra fields in the effective theory after SSB of trinification.
Consider the following VEV setting:
In terms of the full trinification tri-tripletL, this means that
where we have also indicated the trinification and LR symmetry breaking VEVs v 3 and w. The VEV setting (7.9) leaves the group
unbroken, where the global U(1) P is generated by
For a consistency with the SM, we have to impose the following hierarchy between the above VEVs 12) such that h 1,2,3 would correspond to the SM-breaking Higgs VEVs. In the gauge sector, at tree level one recovers one massless (photon) state
13) 14) and the Z 0 boson and could thus be identified with masses of down, strange and bottom quarks of the SM, respectively, such that there is no tree-level splitting between s and b quarks, and d-quark is massless. Interestingly enough, all the down-type quarks d i and D i practically do not mix with each other to the leading order in small h i /v, h i /w and w/v ratios. Note, while it is possible to introduce a non-zero tree-level splitting between s and b quarks by imposing more VEVs in neutral components of two Higgs doublets, a non-zero d-quark mass can only acquire a non-zero value by an unnaturally small VEV in a neutral component of a third Higgs doublet, but we do not consider this situation here. All the physical up-type quarks emerge as mixures of trinification up-type quarks u i = {u 1 , u 2 , u 3 } remain light which could be identified with masses of up u, charm c and top t quarks of the SM, respectively. Again, in the considering scenario, there is no tree-level splitting between c and t, and it can not be generated at tree level by imposing any additional VEVs. The observed substantial charm-top and strange-bottom splittings can be in principle generated radiatively by (i) RG runnings of the corresponding Yukawa couplings which will have different slopes as long as trinification symmetry is broken, and by (ii) higher-loop effects which may modify the starting values for the Yukawa couplings at the matching scale. The quark CKM mixing aquires an approximate Cabbibo form already at tree level 22) which is a remarkable feature of the family symmetry, while small observed distortions of the Cabbibo mixing could only be generated at a higher-loop level. Non-unitarity corrections to the quark CKM mixing are also suppressed by small h i /v, h i /w and w/v ratios. This means that phenomenological constraints on those corrections could be important for setting lower limits on hierarchies between the trinification symmetry breaking scales.
Conclusions
In this work we have introduced a GUT based on the trinification gauge group. By introducing a global SU(3) F family symmetry, our model resolves some of the issues with previous attempts to work with gauge trinification-based models while also considerably reduces the number of free parameters. We found that SSB of the trinification symmetry can be triggered by the VEV of only one component of a scalar 27-plet and that the minimum is, in a large part of the parameter space, the global one. We found that radiative breaking of gauge (i.e. SU(2) R × U(1) L+R ) and global symmetries, that are not present in the SM, was possible in the effective LRsymmetric model that is left after SSB of trinification. We did so by studying the most simple scenario (two light scalar multiplets remaining in the effective theory) where the mass-squared parameter for a scalar field charged under such symmetries could become negative by means of the RG evolution. By implementing a parameter scan algorithm using simulated annealing, we were able to efficiently scan the parameter space of the trinification theory and found regions where the radiative breaking happens in the chosen effective LR-symmetric model.
We also explored under which circumstances the high-scale theory might reproduce the masses and hierarchies of the SM at lower energies. We found that the simple scenario used to understand the radiative symmetry breaking needs to be extended in order to get for example CKM mixing and masses for all SM fermions. By having more light scalar multiplets present in the effective theory, their VEVs could break the remaining global symmetries which forbid the necessary mass terms in the low-energy theory. We also show that if such fields are present, the proposed model has good potential to result in a realistic quark mass spectrum resembling the SM one, while keeping the ingredients necessary to trigger the radiative breaking shown in this work. It is clear then that future studies should include one-loop matching, two-loop RG running and the extra scalar multiplets in the effective theory. Although we have shown the feasibility of radiative breaking and the possibility to explain the hierarchies in mass parameters for the proposed model, in order to offer a complete consistency with the SM such extended study needs to be performed in future work. 
